Objective: To develop a grading scale to predict the risk of intracerebral hemorrhage (ICH) and prognosis after treatment with IV tissue-plasminogen activator (t-PA) in patients with ischemic stroke.
identified several risk factors for ICH after thrombolysis. These include stroke severity as assessed by baseline National Institutes of Health Stroke Scale (NIHSS) score, 3 older age, 4 history of diabetes, 5 presence and extent of ischemic changes on CT 6 or diffusionweighted imaging (DWI), 7 high baseline serum glucose, 8 admission fibrinolytic profile, 9 and current smoking. 10 However, none has explored the ability to predict the risk of ICH and prognosis for each thrombolytic candidate based on the cumulative grouping of these individual variables before initiating t-PA.
Although a number of baseline factors and individual variables that modify the effect of t-PA play a predominant role in influencing the net benefit from thrombolysis, 11 stratification of the risk of ICH after t-PA might facilitate patient selection for thrombolytic therapy. Therefore, we aimed to develop and validate a simple grading scale that can be performed at the bedside during the hyperacute phase to predict the risk of ICH and prognosis after treatment with IV t-PA.
METHODS Scale development. We performed a
PubMED literature search and reviewed the publications studying the predictors of hemorrhagic transformation after t-PA in patients with AIS. 1, 3, [4] [5] [6] 8, 10, 12, 13 Four of these studies were limited to patients treated with IV t-PA within 3 hours; three to patients treated with IV t-PA within 6 hours; and two included patients receiving either IV or intra-arterial (IA) t-PA. We identified the pretreatment factors associated with greater risk of ICH in at least two publications and ranked them according to their cumulative OR as derived from the reviewed studies. The following pretreatment factors emerged as predictors of ICH: age; baseline NIHSS; history of diabetes; baseline serum glucose; visible hypodensity in middle cerebral artery (MCA) territory on CT; current smoking; and use of antithrombotics prior to t-PA. We examined the prognostic ability of various combinations of these factors, using different thresholds and cutoff points based on reported values in the literature. 1, 3, [4] [5] [6] 8, 10, 12, 13 We ultimately constructed a five-point scale to predict the risk of hemorrhage after t-PA, HAT score, incorporating the top four predictors that had the highest ORs. These were the baseline NIHSS score, presence and extent of hypodensity on initial CT scan, history of diabetes, and high baseline serum glucose. We assigned points for each of the four predictors, based on the weight of its prognostic value, as shown in table 1. This combination had the highest predictive capability for ICH.
Scale validation.
We examined the predictive ability of the HAT score in two independent cohorts of IV t-PA-treated patients with AIS. First, we tested the HAT score in the t-PA treated cohorts of the National Institute of Neurological Disorders and Stroke (NINDS) Stroke Trials 1-2. The details of these trials have been published. [12] [13] [14] [15] Clinical data were collected at baseline, 24 hours, 7-10 days, 3 months, and 1 year after randomization. CT scans were obtained prior to the initiation of t-PA, at 24 hours, and 7-10 days after the onset of stroke, and whenever any clinical worsening was noted to detect ICH. Hypodensity on the baseline CT scans was identified as focal or diffuse area, which on visual inspection is less than the white matter density but greater than CSF density, excluding areas of chronic white matter ischemic changes or areas considered chronic or old and closer to CSF density and artifacts. 16 Symptomatic ICH (SICH) within 36 hours were defined as any CTdocumented ICH that was temporally related to any deterioration in the patient's clinical condition in the judgment of clinical investigator. We used the public-access data files from National Technical Information Services to abstract all variables used for the HAT score from the data of the two NINDS trials cohorts. We also retrieved the modified Rankin Score (mRS) at 3 months to identify subjects with excellent (mRS Յ1), good (mRS Յ2), and catastrophic (mRS Ն5) outcomes. We calculated the HAT score for each patient by summing the total number of weighted risk predictors present (table 1). We excluded patients with missing data on any of the components of the HAT score from our analysis.
Second, we tested the HAT score in a consecutive cohort of IV t-PA-treated patients from our institution. We reviewed our prospectively collected stroke database from 2001 to 2007. We included consecutive patients with AIS, treated with IV t-PA within 3 hours from symptom onset according to the NINDS trials protocol and the American Stroke/Heart Association guidelines, 17 who had CT scan before treatment and MRI with T2* sequence (n ϭ 58) or CT scan (n ϭ 40) 24 -48 hours later to assess for ICH. We derived a cumulative HAT score for each patient. Patients who were treated after 3 hours from stroke onset, those who had MRI but not CT prior to t-PA treatment, those who received antiplatelet agents or anticoagulants before their second CT or MRI, and those treated with combined IV/IA t-PA or IA t-PA alone were excluded. Results of the official neuroradiology report were used to determine the presence and extent of visible hypodensity on initial head CT scan and the presence vs absence of ICH on follow-up scans. Hemorrhages on HAT score ϭ hemorrhage after thrombolysis score; NIHSS ϭ National Institutes of Health Stroke Scale; MCA ϭ middle cerebral artery.
follow-up MRI were identified as areas of susceptibility effect (signal loss; darkening) on T2* images. 7 SICH in our patients was defined as ICH associated with an increase of Ն4 points on the NIHSS score from baseline assessment. Hemorrhage with final fatal outcome (HFFO) refers to death during hospitalization after the development of ICH.
Statistical analysis.
We developed receiver-operator curves (ROC) models for each of the two cohorts for any ICH, SICH, and HFFO, and for excellent, good, and catastrophic outcomes at day 90 in NINDS patients. Areas under ROC (c-statistics) and 95% CI were calculated as a measure of predictive ability. The c-statistic integrates sensitivity and specificity of the range of a variable, and estimates how well a prediction rule can correctly rank-order patients by risk. Ideal prediction produces a c-statistic of 1.00; prediction no better than chance is associated with c-statistic of Յ0.50.
We used Student t and Fisher exact tests for continuous and categorical variables, respectively, to compare the demographic characteristics of patient population in various cohorts. All analyses were done with SAS; p Ͻ 0.05 was considered significant.
RESULTS
Complete data were missing in 10 of 312 patients who received t-PA in the NINDS trials, leaving 302 with complete dataset. Baseline characteristics between excluded and included patients were similar, except for higher prevalence of diabetes among excluded patients (62% vs 21%; p ϭ 0.01). A total of 307 of 312 patients in the placebo cohorts had complete data. Meanwhile, 98 consecutive patients from our prospectively collected database met all of our predetermined inclusion/exclusion criteria. Table 2 shows the baseline characteristics of our patients and NINDS t-PA-treated patients. Our patients were older and had higher frequency of visible hypodensity (Ͻ1/3 of the MCA) on initial CT scan. Baseline blood glucose Ͼ200 mg/dL was present in a higher percentage of NINDS patients. Table 3 shows that follow-up CT revealed ICH in 15% of NINDS patients (SICH in 6% and HFFO in 3%); 20% of our patients had ICH on follow-up scans (7% were considered SICH and 6% HFFO).
The mean HAT score was 1.07 Ϯ 1.06 for the NINDS t-PA cohorts, and 1.07 Ϯ 1.15 in our patients. As table 3 shows, the percentage of NINDS patients who developed any ICH after t-PA increased with higher HAT scores. The corresponding c-statistic was 0.70 (CI 0.61-0.79; p Ͻ 0.001). The same trend was seen in patients with SICH (cstatistic 0.68; 0.56 -0.81; p Ͻ 0.001). Similarly, the risk of any ICH after t-PA tended to be greater with higher than lower HAT scores in our cohort. The c-statistic for predicting any ICH was 0.77 (0.66 -0.88; p Ͻ 0.001), and 0.88 (0.77-0.99; p Ͻ 0.001) for SICH.
Given the similar patterns for the HAT score validity in the two cohorts, we evaluated its prognostic Table 2 Characteristics of patients included in two cohorts used to derive the HAT score Values are n (%).
HAT score ϭ hemorrhage after thrombolysis score; NINDS ϭ National Institute of Neurological Disorders and Stroke; NIHSS ϭ National Institutes of Health Stroke Scale; MCA ϭ middle cerebral artery. We also assessed the predictive value of alternative models with different combinations and cutoff points for each of the HAT score variables, and after incorporating other additional variables. None of these resulted in significant changes in the scale's predictive ability. For example, using NIHSS score cutoff point of 15 alone to predict the risk of ICH was associated with a c-statistic of 0.65 (0.55-0.75; p ϭ 0.004) for any ICH. Using NIHSS cutoff points of 5 or 10 were associated with c-statistics of 0.63-0.64 (0.53-0.75; p ϭ 0.01); and serum glucose threshold of Ͼ180 mg/dL with c-statistic of 0.69 (0.60 -0.78; p Ͻ 0.001) for any ICH. Similarly, c-statistics were 0.65-0.66 when age Ͼ75, current smoking, or use of antithrombotics prior to t-PA were added as predictive variables. Table 4 summarizes the functional outcome in both t-PA and placebo-treated cohorts of the NINDS trials by HAT score grouping. As it illustrates, the percentage of patients with excellent (mRS Յ1) and good (mRS Յ2) outcomes decreased, while those with catastrophic outcomes (mRS Ն5) increased, with rising HAT scores in both cohorts. However, c-statistics were 0.73 for excellent, 0.75 for good, and 0.78 for poor outcome in t-PA-treated patients compared to 0.69, 0.68, and 0.67 in the placebo cohorts, suggesting that HAT score can also be used to predict the functional outcome, particularly in t-PA treated patients. DISCUSSION The HAT score provides a quick and easy-to-perform scale to predict the risk of ICH and prognosis after treatment with IV t-PA. The scale can reasonably predict the rate of any ICH after t-PA, including SICH and HFFO, and functional outcome at day 90; and demonstrates different risk for different categories of the scale. The consistency of the predictive capability of the scale in two independent cohorts of t-PA-treated patients, and the fact that it was derived from various cohorts of t-PAtreated patients and not limited to the NINDS cohorts, indicate that this score is likely to have good external validity.
A risk assessment scale must be simple to use and generally applicable, without extensive time commitment, especially when it is used during the hyperacute phase of AIS. The HAT score comprises four All hemorrhages 46 (15) 8 (7) 11 (13) 14 (20) All hemorrhages 66 (17) 9 (6) 19 (16) 19 (23) 12 (36) 7 (78) 0.72 (0.65-0.79) SICH 26 (7) 3 (2) 6 (5) 8 (10) 5 (15) 4 (44) factors related to baseline neurologic examination (NIHSS score), patient characteristics (history of diabetes and admission glucose level), and neuroimaging (presence vs absence and extent of easily visible hypodensity on head CT scan). All of these elements are part of routine clinical assessments for pretreatment screening of t-PA candidates, which can be easily and rapidly determined at the bedside. Studies suggest that the use of advanced MRI techniques, such as hyperintense acute reperfusion marker (HARM), 18 T2* permeability imaging, 19 or voxel-byvoxel volumetric analysis of the acute diffusion coefficient maps, 7 and determining the level of endogenous fibrinolysis inhibitors 9 at admission may have prognostic value for predicting ICH after treatment with t-PA. These were not included in our scale because they are either not readily assessable or available within the time window of thrombolytic therapy or might require more complex judgment and interpretation.
Elements of the HAT score are reliable in patient risk stratification. Each component in the scale had been reported to be an independent predictor of SICH after t-PA for AIS by various investigators and in different cohorts. 1, 3, [4] [5] [6] 8, 10, 12, 13 The NIHSS score is widely used for assessment of clinical stroke severity. Severity of initial clinical deficit was associated with increased risk of ICH after t-PA in the European Cooperative Acute Stroke Study. 6 Higher NIHSS score is thought to correlate with the volume of ischemic tissue at risk for hemorrhagic transformation. 3, 5, 13 The presence and extent of visible hypodensity on baseline CT, which is thought to represent cytotoxic edema and possibly the development of irreversible injury, have also been associated with ICH after t-PA. 20 In one study, early CT hypodensity Ͻ1/3 (OR 3.17) and Ͼ1/3 of MCA territory (OR 9.38) emerged as independent predictors of SICH after t-PA. 3 Because both baseline NIHSS score and presence and extent of hypodensity on CT scan are overwhelmingly associated with the risk for SICH, it is justified to weigh them more than others and to divide them into three subcategories to adjust for variations in severity across a continuous scale. Glucose may accelerate blood-brain barrier disruption by increasing matrix metalloproteinase-9 expression. 21 Admission hyperglycemia, especially Ͼ200 mg/dL, or diabetes mellitus have been found to be significant risk factors for SICH in two registries. 3, 5 Therefore, they were dichotomized to reflect the strength of association with hemorrhage risk and weighted accordingly.
Studies examining the effects of age on the risk of ICH after t-PA have inconsistent results. 4, 22 Older age was reported to be an independent risk factor for ICH in a pooled analysis of major IV t-PA trials. 1 However, post hoc analysis in the NINDS trials showed that age was not a significant predictor of SICH. 13 In our study, the addition of age did not improve the scale's predictive ability. We therefore did not include age as a component of the HAT score.
Hemorrhagic transformation after thrombolysis must be put in the context of the overall clinical outcome. Therefore, although it is helpful to identify patients at increased risk for ICH, the ability to predict functional outcome after t-PA is important. The Stroke-Thrombolytic Predictive Instrument (TPI) has been previously reported to predict good vs catastrophic functional outcomes in patients with AIS, with or without thrombolysis, using seven variables including diabetes and stroke severity. 23 Although di-rect comparisons and validations of the stroke-TPI and HAT score are yet to be performed, the HAT score is simpler and appears to have reasonable capability in predicting both the risk of ICH and 3-month functional outcome after treatment with t-PA. Our risk prediction score can be potentially useful at two stages in the management of t-PA eligible patients with stroke. The HAT score might be useful in identifying patients at high vs low risk of SICH, and for individualized counseling of patients and families to make an informed decision regarding the potential risks of thrombolysis, by providing valuable prognostic information. Based on our results, patients with HAT score Ͼ3 tend to have higher rates of SICH and catastrophic outcomes at 3 months. On the other hand, HAT score Յ2 may assure reluctant physicians that the risk of ICH is low and could facilitate treatment with t-PA.
It is important to note that the HAT score alone should not be used to withhold treatment, if deemed appropriate, since most patients who have severe infarcts are destined for poor outcomes. It is also important to consider that several other baseline variables, such as symptom-to-treatment time, which can modify the degree of benefit from t-PA and its impact upon final outcome, are not incorporated in the HAT score. 11 These factors, together with the risk of ICH, should be carefully considered for treatment decision-making.
The reported rates of early ICH after thrombolysis vary from 5% to 50%. 4, 13, [24] [25] [26] In this study, the rate of any ICH in our cohort was higher than that in the NINDS trials. This could be attributed to differences in the imaging technique used to detect ICH and patient population. Using T2* MRI in some of our patients may have allowed us to identify a different group of asymptomatic hemorrhages by detecting subtle petechial hemorrhages that would have been missed on conventional CT scans that were exclusively used in the NINDS trials. 27, 28 The HAT score more accurately predicted the risk of SICH in our cohort than in the NINDS trials (c-statistic 0.88 vs 0.68). This could be attributed to the differences in defining neurologic deterioration between the two cohorts. The NINDS trials used a definition of any neurologic deterioration as assessed by NIHSS, while we used a definition of worsening by Ն4 points on NIHSS.
Our study has limitations attributed to its retrospective nature and small number of patients experiencing ICH, especially SICH. The definitions of SICH in the two cohorts were different, and information on the occurrence of parenchymal hematoma type-2, which is often associated with worse outcome, 4 was not reported in the public-access NINDS trials database. Furthermore, we could not fully ascertain a causal relationship between ICH and symptomatic worsening or death given the retrospective nature of our analysis. We only included patients for whom all elements required to calculate HAT score were available and excluded those with missing elements. This restriction could potentially limit general application of the HAT score to all patients with stroke. These limitations can only be addressed in a prospective study. Besides, the c-statistics in some of the models may be too low to be used for individual prediction. It is important to point out that the HAT score applies only to patients who match the NINDS trials t-PA treatment protocol. Our study only included patients receiving IV t-PA within 3 hours after stroke onset. Using HAT score to predict ICH risk and prognosis in patients receiving IV t-PA after the 3 hours time window and in patients receiving IA t-PA needs further exploration. We were only able to examine the HAT risk prediction score in the NINDS cohorts because the data are publicly available.
It is important to emphasize that the use of the HAT score to predict the net benefit of IV t-PA cannot be determined from our study. The score should be further examined in other large IV t-PA trials cohorts and in prospective studies to increase its precision and applicability before it can be recommended to make clinical decisions regarding the use of thrombolysis.
